Abstract. The main proposals for the modelling of the infilled frames are calibrated on the results deriving from experimental testing data. In many cases, the experimental laws acquired that concern
INTRODUCTION
The numerical modelling of the infilled frames is affected by several variables, which makes the different models existing in the technical literature very variable and uncertain. For many years, in fact, the research goal of many researchers has been to reduce the influence of the many factors involved in the problem [1, 17] . Among the variables, first of all, it should be recalled the heterogeneity of the mechanical properties of the constituents (bricks and mortar) and the difficulty to obtain information and data about the masonry used in the infilled panels [26] , the difficulty to simulate the frame-infill interaction or the impossibility to predict, at the design phase, the exact failure mode of the generic infilled frame.
A model that is particularly easy to use for this typology of studies is the "Equivalent Strut Method". In the field of the approaches of macro modelling, the Equivalent Strut is widely used to simulate the effects of infill panels on the global response of individual frames and / or buildings [2, 4, 11, 15, 19, 27] . These studies are important in order to establish the retrofit interventions needed to ensure the seismic safety to the deficient buildings [9, 10] .
The model is based on the behaviour exhibited by an infilled frame subject to a horizontal load. In particular, by increasing the load, because of the detachment of masonry from the boundary reinforced concrete frame, the panel no longer behaves as a two-dimensional shear resistant element but as a "one-dimensional equivalent beam" element. The strut follows the distribution of the compressive forces along the diagonal of the panel and it acts as a strut in opposition to the horizontal action [3, 16, 18] .
The described model is defined by the geometrical and mechanical characteristics and by the force-displacement constitutive law that governs the behaviour of the equivalent strut during the non-linear phase. The above parameters depend by models and experimental tests reported in the literature, which especially in the case of existing structures, cannot be generalized to all the possible cases, but are reliable only in few cases that are similar to those on which they were defined [4] . The laboratory tests cannot be generalized because are expensive. Therefore, it is necessary to employ computational procedures, more or less refined, by which the experimental tests on specimens of infilled frames are simulated numerically.
The aim of the present work is to define the Force-Displacement constitutive law of the equivalent strut. A simplified discrete model (falling within the family of the models, for Rigid Block-analysis) is used in this work and was implemented within a common commercial finite element software [5] . The definition of the Rigid Blocks and Springs Model (RBSM), in a simplified format, requires as input a few data on the geometry of the infilled frame and the mechanical parameters of the masonry panel. The purely numerical findings consist of capacity curves, in terms of shear base -interstorey drift. The characteristic branches of the constitutive law of the equivalent strut (the force-displacement relationship "Fw -dw") which regulates the elastic and plastic behaviour of the rod are obtained by means of a simplified procedure divided into three operating phases briefly recalled inside. The application of which, for the purposes of the present work only affect the third phase.
The procedure on a sampling of #17 RBSM models with variable geometry was applied. For each of which the constitutive law of the equivalent rod was determined. With the seventeen force-displacement relationships, by means of numerical processing, the formulations for the parametric evaluation of the characteristic points of a single constitutive law of the entire sampling were defined. The generalized law so defined can be used to define an equivalent strut for building scale applications without having to resort to sophisticated modelling (having high computational costs) for each single infilled frame. Thence, the aim of this paper is to demonstrate how to perform extensive numerical experiments by RBSM models allows to obtain results useful for calibrating macro-models when it changes not only the geometry (as briefly shown in this paper) but also, as future scenarios, when they change the mechanical characteristics of the panels. These results in terms of "approximate" laws are expressed. These laws define the parameters regulating the behaviour of the equivalent rods in non-linear field.
THE MESO-MODELING AND SIMPLIFIED PROCEDURE
The "meso-scale" models are usually referred to as "discrete models". If they are applied to structural systems that require a limited number of elements, they allow to reduce the computational burden required by the continuous or discontinuous approaches. The Rigid Body Spring Model (RBSM), consists in describing the masonry as a mechanism composed of the unitary cells constituted by of rigid blocks and elastic-plastic springs [6, 20] (Figure 1 ). Through this approach, it is possible to model the masonry panels at the "macro-scale" through a kinematic that takes into account the specific effects of masonry texture. It has been fruitfully applied, in the last few years, for modeling the behavior of masonry structures both in-plane and out-ofplane [21, 22] , allowing to perform the vulnerability assessment for whole masonry buildings [23, 24, 25] . The connection between the rigid blocks occurs by means of two axial springs (indicated with Kx or Kz, depending on the direction) and a shear spring (Kh, Kv, depending on configuration) arranged along each of the common sides between the blocks at a distance equal, respectively, to bx and bz. The hysteretic behaviour of the springs is obtained on the basis of the mechanical parameters of the constitutive elements of the panel (mortar and blocks) and takes account of the mechanical degradation of mortar joints in the cycles of loading and unloading.
In the simplified format, the use of a meso-scale modelling is an easy and quick step within the proposed procedure, aimed at defining some characteristic features of the global response of the infilled frame. For these reasons, the properties of the springs are defined according to a simplified approach. The elastic stiffness of each spring is estimated through the geometrical and mechanical properties of the infill, such as the modulus of elasticity of the masonry panel in horizontal and vertical direction (Ewh, Ewv), shear modulus (G), areas of influence of the axial spring (A), areas of influence of the shear spring (AT), thickness of the head joint (gt), thickness of the bed joint (gl) and thickness of the masonry panel (tw).
When the kinematic of the model is such as to engage the springs over the elastic response, force-displacement laws regulate the plastic behaviour of the system. As with the elastic behaviour, also for the decreasing behaviour of the stiffness has been adopted a simplified approach. Figure 2 shows the constitutive laws of the springs, respectively, axial and shear, used in the
LB present work. For both, three branches constitute the force-displacement law. In the figures, the subscript "as" indicates the axial spring, while "ss" the shear spring. The fundamental variables of the laws are calibrated with an approach depending on the material strengths: compression strength of the masonry in horizontal direction (σwh), compression strength of the masonry in vertical direction (σwv), tensile strength of the masonry (σwt), shear strength of the masonry along the bed joints (τwh), shear strength of the masonry along the head joints (τwv). Three consequential step forms the simplified procedure ( Figure 3 ).
st step: "meso-analysis of the infilled frame"
The first step of the procedure is to assess the response of the infilled frame by a nonlinear static analysis (pushover). The model described in the previous section simulates the behaviour of the masonry panel. A lumped-plasticity model evaluated with plastic hinges arranged in five sections along the length of each element (beam and columns) describes the nonlinear behaviour of the concrete. The constitutive law adopted for the plastic hinges is in according to FEMA 273 [12] . In the case of existing structures, the evaluation of plastic hinges should take into account the effective strength values of materials in according to numerical approaches (in this context, the research developed by authors [13, 14] are particularly interesting.) 2 nd step: "evaluation of the infill conribution without RC frame" The Fh-dh curve of the INF configuration is intended as the "sum" of two distinct contributions, respectively, due to the bare frame (B) and the masonry panel (MP). The first contribution is evaluated using a nonlinear static analysis on the model without infill panel. The second, however, is obtained by subtracting (in correspondence with each displacement value) from the response of the INF configuration, the share due to the bare frame B. Once the response Fw MP -dw MP for masonry panel has been obtained, the constitutive law of the equivalent strut is built on the backbone of MP curve in order to define the ESM model. The law consists of four branches delimited by four characteristic points identified on the MP curve. The first branch describes the elastic response up to the yield point "S". The second branch describes the behaviour of the equivalent strut from when begins the plastic deformation up to achieve the point of maximum strength capacity "M". This is followed by the descending branch due to the propagation of crack in the panel such that induce a significant decrease of resistance until to the point "D". Finally, the fourth branch describes the force-displacement relation until the failure (point "R") with a residual resistance maintained in order to ensure stability and convergence to the numerical solution. The M and R points are preliminarily identified. They coincide, respectively, with the maximum point and last point of the MP curve. While, S and D points are directly evaluated by an iterative approach that minimizes the difference between the subtended areas of the MP curve and the defined constitutive law. 
NUMERICAL TESTS

Description of the sampling and modeling
For the purposes of this study in software Sap2000 #17 RBSM plane models were implemented. All models are listed in ascending order in Table 1 as a function of the slenderness "λ" equal to the ratio of height H and width B (defined in Figure 4 ) of the infilled frame (both measured than to the middle line of the sections). The thickness of the panel is equal to 30cm for all samples. The boundary frame (the same for each sample) is reinforced concrete with conglomerate having class of resistance C25/30. It is constituted by two square columns with side equal to 30cm and one beam with width b=30cm and height h=50cm. The longitudinal reinforcement of the columns is equal to 8φ16 symmetrically along the sides distributed, while the beam presents in the centre span, longitudinal tension reinforcement As equal to 4φ14 and in compression reinforcement As' equal to 3φ16. Those quantities are inverted at the supports. The masonry panel is assumed made of brick blocks P700 type. They are characterized by a weight per unit of volume of about 700-760 kg/m 3 . Their physical and geometric characteristics are comply with the requirements established by Eurocode 6 [7] and fall among the elements classified as hollow bricks, with φ drilling percentage between 45% and 55%. Eurocode 6 provided the compression strength along the vertical direction, in the case of hollow blocks and ordinary mortar, with the Eq.1.
where:
• fk is the characteristic compressive strength, expressed in MPa. In the present treatment the average values of the resistances have been adopted. From experimental tests carried out on similar typologies of the blocks used, it is the average value obtained by multiplying the characteristic value by a factor equal to 0.8.
• K is a constante qual to 0.45.
• fb is the average compression resistance along the direction of loads, expressed in MPa.
• fm is the mortar compression strength, expressed in MPa.
As regards the compression strength in the horizontal direction, EC6 proposes the Eq.1, put- The single RBSM model is constituted by a regular discretization of n two-dimensional plane elements (4-nodes shell elements) enclosed by a contour of the beam elements. The total degrees of freedom are 4n. The behaviour perfectly rigid of blocks is guaranteed by assigning to 4-nodes of each shell a "Diaphragm" internal constraint with Y rotational axis perpendicular to the OXZ reference system. The internal costraint connects the nodes of the shell element by means of ideal rigid rods devoid of mass and stiffness. The connections between rigid blocks is with "NLlink" elements of "multilinear plastic" typology ( Figure 4) . The nonlinear behaviour of NLlink elements is in according to constitutive laws shown in Figure 2 , respectively, for the axial (Fas -das) and shear (Fss -dss) springs.
At the interface between frame and masonry panel (i.e. between beam and NLink elements along the sides of the rigid blocks adjacent to the frame), are arranged Rigid NLink elements. The rigid NLlink maintain unchanged the relative distances between the nodes on axis line of the reinforced concrete element and the boundary line of the concrete, in order to simulate the material between them. The model is constrained to the ground by means of interlocking constraints at the base columns. In addition, the hinge constraints at the end nodes of the rigid NLlink elements simulate the position of specimen in the test device. 
Analysis by simplified procedure
The procedure described in §2 has been applied to the models listed in Table 1 . For each model by starting from the nonlinear static analysis and its processing, the steps 2 and 3 lead to the definition of the law of the equivalent strut for the geometry of infilled frame considered. For example, the law of the equivalent rod for the model number 15 (λ=1.25) is represented in Figure 5 . After determining the constitutive laws for all 17 models of the sampling, a numerical study was performed in order to obtain, as a function of the slenderness "λ", a univocal law of the entire sample. The aim is to define parametric formulations for the infill panels having similar mechanical properties to those of the sampling, which allow to determine the constitutive law of the equivalent rod, once known only the geometry of the infilled frame. To this end, bringing together the 17 constitutive laws, they were built of graphics to correlate the yield strength (Fy), the displacement at yield (dy), the maximum strength (Fmax) and the maximum displacement (dmax) to the shape parameter (in Figure 6 for the force Fy). The D point that represents the maximum loss of strength of the panel when it is in the plastic phase is definable by the coordinates {3dmax; 0.3Fmax}.
RESULTS
In order to validate the whole procedure, the results of the nonlinear analyses on macromodels and meso-models (RBSM) were compared. The geometries taken as a reference for the comparison are those having slenderness λ equal, respectively, to 0.5, 0.9 and 1.25. For all the three samples, the points of the force-displacement law of the equivalent strut was derived by applying the Eqs 2-5. For the geometry having λ = 0.9 in Figure 7 the Fw-dw laws are compared.
Subsequently, for each geometry under consideration for comparative purposes, two models with the Equivalent Strut Method (ESM) were implemented. The first with the equivalent rod having the Fw-dw law having main points defined by the eqs. 2 and 3. The second with strut that has Fw-dw law given by eqs. 4 and 5. For both models pushover analysis was performed. The capacity curves obtained from both models, in terms of Base shear -Drift [%] were compared with, respectively, the curves obtained with the RBSM models and the model relative to the bare frame. As an example, in Figure 8 , the comparisons between results obtained for a geometry characterized by λ=1.25 are summarized. The macro-models differ from the meso-scale model (RBSM), on average, by about 25% in the range of 0<drift[%] <1. In addition to the difference between the above models, the comparison between the models in terms of resistance increase with respect to the model representative of bare configuration (without infill) is very attractive. An increment of the base shear between 1.48 and 2.32 times the resistance explicated by the bare frame was encountered.
CONCLUSIONS
The main aim of this work is the calibration of the Equivalent Strut Method for modelling of infilled frames in building-scale application. The above calibration is proposed by means numerical experimental tests on discrete models (Rigid Block and Spring Model -RBSM), commonly used in the analysis of masonry structures, and subsequent application of a simplified procedure proposed by the authors.
The procedure aims to define the points of the nonlinear constitutive law of equivalent connecting rod by means of the use of numerical formulations expressed as a function of a geometrical shape parameter of the buffered frame. The formulations through the implementation of #17 RBSM models having fixed mechanical characteristics and λ that it varies between 0.5 and 1.4 were obtained.
By applying the procedure on the entire sampling and whereas for comparative purposes the results obtained for the geometries having the equal, respectively, to 0.5, 0.9 to 1.25, the following conclusions can be derived: Bare frame
• The differences between RBSM models and models with equivalent struts having nonlinear law obtained with generalized approximate formulations are equal to about 25%.
• The use of approximate formulations of exponential type for the definition of the nonlinear law of the struts is closest to the results obtained with refined modelling RBSM, compared to the models with the struts defined with polynomial formulations.
• The results obtained, both preliminarily on the RBSM in its simplified form, both on the model with equivalent strut, show the significant contribution in strength provided by infills.
In the future, the definition of approximate laws for the calibration of the macro-models can be extended to infilled frames having different mechanical properties.
